INTRODUCTION
Reactive oxygen species (ROS) 1 Irradiation by visible light in the presence of a photosensitizer leads to the production of ROS, which in plants and algae is linked to photosynthesis (4) . Due to the elevated oxygen concentration and intense electron flux within chloroplasts, electrons inevitably react with oxygen, thereby generating O 2 •-, which dismutates to oxygen and H 2 O 2, producing the highly reactive HO • through the metal ion catalyzed Haber-Weiss reaction (5) . Even under non stress conditions, this ROS-generating mechanism can do harm and inactivate the photosystem II reaction center, resulting in photoinhibition (6, 7) . Thus, tolerance of photosynthetic organisms to oxidative challenge is enhanced by defense responses that prevent oxidative damage to chloroplasts. Because O 2
•-is a precursor of several other reactive species, control over the steady-state O 2
•-levels by SOD is critical.
The presence of metal ions due to human activities is another important cause of oxidative stress in living systems (8) . Such metals can promote oxidative damage both by directly increasing the cellular concentration of ROS (2, 9) and by reducing the cellular antioxidant capacity (10) .
In contrast to higher plants, the antioxidant response to oxidative and environmental stress has not been investigated in dinoflagellates at the molecular level. These are a diverse group of unicellular eukaryotes containing bioluminescent, photosynthetic, heterotrophic and symbiotic members having important ecological roles as primary producers and consumers in aquatic environments. Dinoflagellates are responsible for red tides, with those that are toxic having the potential for producing serious health and economic problems. They have unique genomic features, including large amounts of DNA (up to 200 pg per nucleus) packed in permanently condensed chromosomes (11) and an absence of classical histones (12) , which make their mechanisms of genetic regulation of great interest.
In previous studies, we found that oxidative stress is an important mediator of metal . Metal salts were added directly to the medium at the beginning of the light period (LD 0). Metal ion concentrations and exposure time used in the experimental model were chosen on the basis of previous toxicity bioassays and are known to induce oxidative stress in L. polyedrum (14, 16) .
Cell extracts and chloroplast purification
Cells were harvested by filtration, suspended in 0.1 M sodium phosphate buffer pH 7.8 and lysed in a nitrogen pressure apparatus. Following centrifugation at 12,000 g for 10 min at 4°C, the supernatant was used as crude extract for enzyme activity and protein assays.
Chloroplasts were purified from 1 L cell cultures on a 90 % percoll / 0.25 M sucrose density gradient as previously described (17) . The band containing chloroplasts (1.15 g.mL Enzyme activity assays SOD activity was determined by SOD inhibition of superoxide-initiated ferricytochrome c (cyt c) reduction (18) . Superoxide was generated by the xanthine/xanthine oxidase system and assays were carried out using either crude extracts or chloroplast extracts. Cyt c reduction was followed at 550 nm for 1 min. FeSOD activity in chloroplast extracts was measured in the presence of 5 mM KCN. One unit of SOD is defined as the amount causing 50 % inhibition of cyt c reduction, at 25°C.
Extracts of L. polyedrum were also electrophoresed on 12 % non-denaturing polyacrylamide gels and stained directly for SOD activity, which appears as light bands against the deep-blue gel background (19 (14) . Thus, identification of the chloroplast SOD was inferred by comparison of the electrophoretic profile of SOD isoforms from chloroplast and crude extracts.
PCR cloning and sequence analysis
Total RNA was isolated in denaturing buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5 % SDS and 10 mM 2-mercaptoethanol) and precipitated with 2 M lithium chloride, as previously described (20) . Poly(A) + RNA was purified from total RNA with the Amplified cDNA fragments were gel purified, cloned into pGEM-T vector (Promega) and sequenced by the ABI dye-terminator method (Perkin Elmer Applied Biosystems).
Sequence analyses were performed with the SeqLab software (Wisconsing Package 10.0,
Quantification of FeSOD proteins and transcripts
Proteins ( 
Daily expression of FeSOD is rhythmic and controlled at the translational level
Organisms may be subject to oxygen toxicity under normal conditions due to physiological activity. Because production of ROS is associated with exposure to light and photosynthetic activity, the concentration of ROS within chloroplasts is expected to be greater during the day than at night. To determine if there is a corresponding rhythmicity in FeSOD, its expression hrs (14) . In the present work, the cellular levels of the FeSOD isoform was found to be 3 to 4 fold higher after similar exposures to such metal ions ( Figure 5A ), and significant increases in FeSOD activity, measured in chloroplast extracts, were also found ( Figure 5B ).
Unlike the diurnal regulation of FeSOD, these increases appear to be mediated by increased transcript levels, as shown by Northern analyses ( Figure 6A ). When an alternate and more sensitive method for detecting transcripts was used (RT-PCR), similar results were obtained ( Figure 6B ). As in the experiments of Figure 5 , cultures were exposed to each of the four metal ions individually, and in each case there was a substantial increase in the FeSOD transcript level, but not in that of the LPB transcripts. This provides direct evidence that the regulatory pathways for daily and metal-induced up-regulation of FeSOD expression do not involve a common intermediate.
(INSERT FIGURE 5 HERE)
SOD isoforms are able to incorporate different metal ions in their active sites depending on metal availability in the medium (27) . Although some SOD activity may be retained in such cambialistic (metal exchangeable) SODs, the binding of metal ions without appropriate redox capacity may lead to enzymatically inactive isoforms (2, 28) . One could speculate that, in our experiments, treatment with other metal ions displaces iron from the active site and affects enzyme activity. This could explain the lower enhancement of FeSOD 
